INTRODUCTION
Nerve terminals of the posterior pituitary release vasopressin (AVP) and oxytocin upon electrical stimulation which induces the opening of voltage dependent calcium channels Lemos and Nowycky, 1989) . In accordance with the Ca2" hypothesis the entry of calcium leads to an increase of [Ca2"I1 which is believed to drive, by yet unknown mechanisms, the exocytotic fusion of secretory granules with the plasma membrane of the nerve terminal. An extensive literature has established the general relationship between a rise in [Ca2+] i and induction of exocytosis in excitable cells with the relationship most quantitatively examined at the giant synapse of the squid (Augustine et al., 1987) . Previous studies (Brethes et al., 1987; Cazalis et al., 1987a) The exocytotic process involving granule-plasma membrane fusion is associated with an increase of the Address correspondence to Dr. Lindau. terminal plasma membrane area. Because biological membranes have a rather constant specific capacitance of -1 puF/cm2 the area expansion resulting from exocytosis is associated with a proportional increase of the plasma membrane capacitance. Minute changes in membrane capacitance associated with exo-and endocytosis have been measured at very high resolution in a variety of cells using the whole-cell configuration of the patchclamp technique (for review see Lindau, 1991) . In particular, depolarization induced capacitance changes reflecting exocytotic granule fusion were demonstrated in the pioneering work of Neher and Marty (1982) on chromaffin cells. Very recently the patch-clamp technique has been applied to study ion channels Lemos and Nowycky, 1989] and capacitance changes (Fidler-Lim et al., 1990) (Lindau and Nordmann, 1991) .
MATERIALS AND METHODS

Preparation of nerve terminals
Nerve endings were isolated from Sprague-Dawley rats (200-400 g) as described (Cazalis et al., 1987b) . Briefly, the pars intermedia was carefully removed and the neural lobe was homogenized in a buffer at 37°C containing 270 mM sucrose, 10 p.M EGTA, 10 mM HEPES-Tris at pH 7.2. For the release experiments the homogenate was centrifuged at 100 g for 1 min and the supernatant was then centrifuged at 2,400g for 4 min. The pellet was resuspended in physiological saline at 37°C containing (mM) 135 NaCl, 5 KHCO3, 1 MgCl2, 2.2 CaCl2, 10 glucose and buffered at pH 7.2 with 10 mM HEPES-NaOH. The preparation contains mainly nerve endings having a size of 2 p.m or less but also hundreds of larger ones which were used for the experiments described here.
AVP release experiments
The amount of nerve endings corresponding to one neural lobe was loaded onto a 0.2-p.m filter (LC Acrodisk Gelman, Ann Arbor, MI) and perfused at 25 p.l/min for 45 min with physiological saline. They were then perfused with normal saline in which 100 mM Na+ had been substituted by N-methyl-D-glucamine (NMG). After 15 min, the flow rate was increased progressively during the next 45 min until it reached -25 p.l/s. Stimulation of AVP release was induced by 50 mM K+. Osmolarity was maintained by reducing NMG accordingly. t112 of the concentration change at the filter was -4-6 s as determined with Rb'.
The experiments were done at 37°C. Fractions of 1-6 s were then collected manually and AVP was determined by radioimmunoassay as described (Cazalis et al., 1985) .
[Ca2+]J measurements on intact isolated terminals
The neural lobe was homogenized at 37°C in the homogenization buffer given above but containing in addition 1 mM phenylmethylsulfonyl fluoride and 100 pM benzamidine. Following centrifugation, at -2,400 g for 1.5 min the pellet was resuspended in 0.5 ml of physiological saline at 37°C containing (mM): 135 NaCl, 5 KCl, 1 MgCl2, 2.2 CaCl2, 10 glucose, 10 HEPES-NaOH pH 7.2. The endings were incubated for 30 min at 37°C with 3 p.M fura-2/AM. After fura-2 loading, the nerve endings were again centrifuged and resuspended in the physiological saline.
[Ca2+]i in individual nerve endings was determined by dual wavelength microspectrofluorometry of fura-2 as described (Stuenkel, 1990) . All measurements were performed at 37°C in a chamber (100-pl volume) providing rapid exchange of the superfusing physiological saline (1-1.5 ml/min). Elevated K+ solutions were kept isoosmotic by a similar reduction in Na+, the reduction in Na+ alone (NMG replacement) 
Patch-clamp capacitance measurements
The homogenate of the neural lobe containing the nerve terminals was transferred into a recording chamber without further purification to prevent loss of large nerve endings. After a few minutes, during which the nerve terminals were allowed to settle on the glass coverslip, which formed the bottom of the chamber, the dish was perfused with a saline containing (mM): 40 NaCl, 100 NMG-Cl, S KCI, 1 MgCl2, 2.2 CaCl2, 10 glucose buffered at pH 7.2 with 20 mM HEPES-NaOH. The internal saline (pipette solution) contained 125 mM potassium-L-glutamate, 10 mM NaCl, 4 mM MgCI2, 2 mM Na2ATP and 10 mM HEPES-NaOH pH 7.2-7.3 and either 100-200 p.M EGTA or 100 p.M fura-2. In some experiments, the external saline was diluted by -10% with H20 to adjust the osmolarity to be equal to that of the internal solution. All experiments were performed at room temperature ( 21-24°C).
A continuous sine wave with an amplitude of + 10-20 mV was added to a given holding potential and the sum was applied as the command voltage of the patch-clamp amplifier (EPC 7, List electronics, Darmstadt, Germany) operating in the voltage clamp mode. All potentials were corrected for the liquid junction potential ( 10 mV) which develops at the pipette tip when immersed into the bath solution. The current output signal was fed into an integrating two phase lock-in amplifier (Lindau and Neher, 1988; Breckenridge and Almers, 1987) .
At a particular phase setting, one of the two lock-in outputs (Y2) is only sensitive to changes in membrane capacitance whereas the other output (Y,) is only affected by changes in access resistance and membrane resistance (Lindau and Neher, 1988; Joshi and Fernandez, 1988) .
We have adapted the phase tracking method (Fidler and Fernandez, 1989) for use with a conventional two phase lock-in amplifier which was set at a fixed phase. The admittance change (AY) in the whole-cell patch-clamp configuration due to small changes of access resistance (ARA), membrane conductance (AGGM) and membrane capacitance (ACM) is given by: (Lindau and Neher, 1988) where T2(w) stands for the factor T2(w) = 1/(1 + RAGM + i(wCMRA)' = I T(Q) 12 -e"". (2) When the phase of the lock-in is set to 4 (Fig. 1 a) 
Whole terminal patch-clamp experiments
The ability to directly control membrane potential in the patch-clamp whole-terminal configuration and to simultaneously monitor exocytosis by time-resolved capacitance measurements allows a more precise measurement of the relationship between these parameters. The nerve terminals which we have used for these experiments had diameters (dT) between 5 and 10 ,um and a whole-terminal capacitance of 0.7 to 3 pF. About 1/4 of the intranerve terminal volume is filled with secretory granules having a mean diameter (dG) of -180 nm (Nordmann, 1977) . A nerve ending thus contains 1/4 * (dT/dG)3 granules which yields 6,000 to 40,000 granules being contained in each of these terminals. Assuming a specific capacitance of 1 puF/cm2 (i.e., 10 fF/ pum2) the fusion of one such granule should lead to a capacitance increase of 1 fF and for a nerve terminal with 3-pF capacitance (dT -10 ,um) all the granules would sum up to a total membrane capacitance of 40 pF. The amount of capacitance increase observed in response to depolarization in individual terminals was quite variable but never exceeded a few percent of the estimated total amount of granules. When the total capacitance increase was comparatively large ( > 1 pF) the appearance under the microscope changed from perfectly smooth to rough with bleblike structures. However even these terminals were still well described by the usual equivalent circuit with a single membrane capacitance CM. The upper trace of Fig. 2 a shows a recording from a nerve terminal with comparatively large exocytotic activity. The lower trace contains the changes of the access FIGURE 2 Capacitance changes in a single nerve terminal in response to step depolarizations from a holding potential of -80 mV to a potential of -10 mV. A ±20 mV sine wave was added to the potential throughout the recording. In (A) the upper trace shows capacitance changes, the lower trace shows changes in access resistance and membrane conductance. At the asterisk the capacitance compensation was transiently reduced by 0.1 pF. At Fig. 2 b shows the time course of the capacitance (top trace) recorded before, during and after the depolarization. At the beginning of the depolarization the capacitance measurement shows a spike which is an artifact presumably due to the activation of Na+ and K+ channels (Thorn et al., 1991) . After the initial spike, the trace indicates an elevated capacitance and during the following depolarization period a gradual capacitance increase is seen. The final capacitance change ( -0.7 pF) is only slightly affected when the terminal is repolarized to -80 mV. The conductance (middle trace) immediately increases by 3.8 nS and then rises slowly until a peak conductance of 8 nS is reached after 1.3 s. The conductance subsequently declines with a half time of -10 s to a value < 1 nS above the level in the hyperpolarized state. This behavior can be explained by the rapid activation of IA (Thorn et al., 1991) followed by the activation of Ca2"-activated currents Thorn and Lemos, 1988) .
The activation of voltage dependent conductances will, of course, interfere with the capacitance measurements and cannot easily be accounted for in the equivalent circuit used for the analysis (Neher and Marty, 1982; Lindau and Neher, 1988) . However, the capacitance value after 10 s of depolarization in the top trace of Fig. 2 b is 380 fF, a value very close to the capacitance increase which is expected according to the preceding 10 s depolarization indicating that the error in the capacitance trace is rather small. As mentioned above, the amplifier gain was higher during the previous 7-10 s depolarizations allowing a more accurate phase tracking. The large conductance increase initially saturated the patch-clamp amplifier but as seen in Fig. 2 b the conductance dropped considerably within 10 s. Fig. 2 c shows the capacitance and conductance trace recorded during the third depolarization on an expanded time scale. After -400 ms (period 1) the conductance saturated the amplifier and for the next 6.5 s (period 2) capacitance and conductance could not be measured. During the last 3.1 s, however, the conductance was low enough such that the amplifier was not saturated any more and the capacitance trace exhibits a slow increase during this period (period 3). The final capacitance just before repolarization coincides extremely well with the level measured just after repolarization. (Fig. 3 a) further demonstrate that the capacitance increases gradually with a decreasing slope. This terminal was depolarized three times for 10 s. The first depolarization induces a gradual capacitance increase with a time course similar to that of Fig. 2 b whereas the other two depolarizations induce only much smaller capacitance changes. In Fig. 3 b, the capacitance and conductance changes associated with the first and the third depolarization are shown on an expanded time scale. Both depolarizations induce a transient conductance increase of about 1 nS whereas the capacitance changes are quite different. Subtraction of the capacitance trace during the third depolarization from that during the first depolarization as a method to correct for conductance induced distortion is shown in Fig. 3 c. The difference rises gradually from the initial level to the final level with a decreasing slope resembling the gradual increase in the original recording of the first depolarization as well as the gradual increase seen in Fig. 2 b. It should be noted that, as in Fig. 2 Fig. 3 (see Fig. 3 Fig. 2 b, it takes more than a second until the conductance increase reaches its maximum. This behavior indicates that this part of the conductance increase may be due to Ca2' dependent cation and K+ channels which have previously been described in the nerve terminal membrane Thorn and Lemos, 1988 In the whole terminal configuration, the dye fura-2 can be introduced into the nerve terminal by including it, in its salt form, in the pipette solution. The fluorescence ratio recorded from a voltage clamped nerve terminal is shown in Fig. 4 . The terminal was held at -80 mV and was depolarized for 10 s to -10 mV as indicated by the time bar while the sine wave was always added to the holding potential (Fig. 4 a) . In response to depolarization [Ca2+]1 increased from a resting level of -100 nM to a peak level of -600 nM, a value very similar to that observed in the terminals depolarized with elevated K+ (Fig. 1) (Brethes et al., 1987; Stuenkel, 1990 Fig. 4 experiment is apparently due to the slower rate of depolarization under these conditions. When the same terminal was depolarized for 1 min (Fig. 4c) (Lemos and Nowycky, 1989) . Because in our experiments the sine wave command voltage varied between -30 mV and + 10 mV the NT-type channel is expected to be inactive and is thus unable to contribute to the slow increase and the sustained elevation of [Ca2+]j. Fig. 4 shows that [Ca2+] (Cazalis et al., 1987a) and with the recently reported calcium sensitivity of the capacitance change in melanotrophs (Thomas et al., 1990 (Thorn et al., 1991) and although the Ca2' dependent K+ channels have an instantaneous voltage dependence which would be in phase with the membrane potential and should thus only affect the conductance trace, it is difficult to make sure that this initial step is not an artifact due to a possible projection of the large and rapid conductance increase. We have thus measured capacitance changes in response to short depolarizations. Fig. 6 shows the response of a nerve terminal to an 80-ms depolarization step to +20 mV. The capacitance increased by -70 fF in agreement with a recent report (Fidler-Lim et al., 1990 (Aunis et al., 1979) , the related PC12 cell line (Schafer et al., 1987) and at the presynaptic membrane of the neuromuscular junction (Heuser and Reese, 1981) . The experiments presented here could thus be taken as evidence that a population of docked granules might also exist in the nerve terminals of the posterior pituitary.
Endocytosis after depolarization-induced exocytosis
After the capacitance increase Fig. 6 shows a decline of the capacitance to almost the initial level within 1 min which may reflect reuptake of the granular membranes by an endocytotic mechanism. Such a capacitance decrease is also apparent after the first depolarization of Fig. 2 Under voltage clamp conditions, the slow capacitance increase is preceded by a rapid phase which reflects fusion at much higher rates for a sub-second period. This rapid phase may reflect exocytosis of docked granules which have so far been observed at the presynaptic membrane of the neuromuscular junction (Heuser and Reese, 1981) , chromaffin cells (Aunis et al., 1979) and PC12 cells (Schafer et al., 1987) , whereas fusion during the slow phase may be rate limited by the arrival of further granules at the plasma membrane. Our results suggest that a population of docked granules may also exist in neuroendocrine nerve terminals.
A rapid phase of exocytosis occurs in < 100 ms whereas the elevation of bulk [Ca2+] 
